The high frequency of phosphoinositide 3-kinase (PI3K) pathway alterations in cancer has led to a surge in the development of PI3K inhibitors. Many of these targeted therapies are currently in clinical trials and show great promise for the treatment of PI3K-addicted tumors. These recent developments call for a re-evaluation of the oncogenic mechanisms behind PI3K pathway alterations. This pathway is unique in that every major node is frequently mutated or amplified in a wide variety of solid tumors. Receptor tyrosine kinases upstream of PI3K, the p110a catalytic subunit of PI3K, the downstream kinase, AKT, and the negative regulator, PTEN, are all frequently altered in cancer. In this review, we will examine the oncogenic properties of these genetic alterations to understand whether they are redundant or distinct and propose treatment strategies tailored for these genetic lesions.
Introduction
Phosphoinositide 3-kinases (PI3Ks) belong to a conserved family of lipid kinases that phosphorylate the 3 0 -hydroxyl group of phosphoinositides. The most well-characterized product of this reaction is phosphatidylinositol-3,4,5-trisphosphate or PIP 3 , a critical second messenger that recruits AKT for activation of growth, proliferation and survival signaling (Cantley, 2002) . PIP 3 is negatively regulated by dephosphorylation by the tumor suppressor, PTEN. The production of PIP 3 is a unique feature of the class I subclass of PI3Ks, which can be further divided into class IA and class IB. Thus far, only the class IA PI3Ks have been implicated in human cancer, but frequent genetic alterations in these enzymes and their pathway effectors have made the PI3K pathway one of the most frequently dysregulated pathways in cancer. Currently, a significant effort is being made to develop pan-specific and isoformspecific PI3K inhibitors for the treatment of cancer.
Class IA PI3Ks are heterodimers comprised of a regulatory subunit (p85a, p55a, p50a, p85b, p55g) and a catalytic subunit (p110a, p110b, p110d) and are activated downstream of receptor tyrosine kinases (RTKs) (Engelman et al., 2006) . Activating mutations in PIK3CA, the gene encoding the p110a catalytic subunit of PI3K, were recently identified as novel mechanisms of inducing oncogenic PI3K signaling . These mutations join PIK3CA amplification, PTEN loss, AKT mutations and RTK amplification in a class of frequent genomic aberrations that promotes tumorigenesis through upregulation of the PI3K/AKT signaling axis.
It is perplexing that every member of this signaling axis is frequently altered in cancer, when ostensibly they serve the same purpose. Tumors can be considered Darwinian microcosms in which cancer cells are constantly under selection for growth or proliferative advantages. In this way, there should be no selection for absolute redundancy, which would impede the momentum inherent in evolution. In this review, we explore the oncogenic mechanisms of these various PI3K pathway alterations to elucidate the unique ways in which they confer oncogenicity. We will also speculate on ways to use novel PI3K inhibitors as single agents and in combination with other targeted therapies to attack cancer cells and the tumor microenvironment.
PI3K inhibitors
Like the majority of protein kinase inhibitors, all existing PI3K inhibitors bind competitively in the ATP-binding pocket of the catalytic domain. This strategy has enabled the development of both pan-PI3K-and isoform-specific inhibitors. Loosely discriminate inhibitors that target multiple PI3K isoforms may more thoroughly shut down PI3K signaling for the treatment of acute life-threatening diseases (Crabbe et al., 2007) . The potential toxic side effects on glucose metabolism and the immune response may be tolerated with short-term use of pan-specific inhibitors. Isoformspecific inhibitors, which have been more difficult to develop because of the highly conserved nature of the ATP-binding pocket (Walker et al., 1999) , are promising alternatives for treatment of cancers with known mutations or chronic diseases. In addition, these selective inhibitors may eschew off-target effects on the related PIKKs, mTOR, DNA-PK, ATM, ATR, SMG-1 and the class III PI4Ks.
The discovery of wortmannin and LY294002 as competitive ATP binders revealed what we now know to be the vast potential of targeting the ATP-binding site of p110. Wortmannin is a potent pan-specific inhibitor that occupies the ATP-binding site of p110 by forming a covalent bond between C20 of the wortmannin furan ring and K802 of p110a (Wymann et al., 1996) . However, wortmannin has a half-life of only a few minutes in serum due to the highly reactive C20 position. Wortmannin derivatives such as PX-866 (Oncothyreon, Bellevue, WA, USA) have been shown to be significantly more stable in vivo, with cytostatic effects when used as monotherapy (Howes et al., 2007) . A stabilized wortmannin prodrug also shows promise for treating cancers (Yuan et al., 2007; Barnes et al., 2008) .
LY294002 (Lilly, Indianapolis, IN, USA), a reversible synthetic compound, makes a key hydrogen bond between the morpholino oxygen in the compound and the backbone amide of V882 of p110g, mimicking the interaction made by the adenine of ATP (Walker et al., 2000) . Variations in this key interaction are conserved in all existing PI3K inhibitors. SF1126 (Semafore, Indianapolis, IN, USA) is a LY294002 prodrug that utilizes an RGDS peptide to increase plasma half-life and target drug delivery to the tumor vasculature (Garlich et al., 2008) . PI-103 (Piramed, Slough, USA) and ZSTK474 (Zenyaku Kogyo, Tokyo, Japan) share LY294002's arylmorpholine structure and are potent pan-PI3K inhibitors. ZSTK474 inhibits all class I PI3Ks (IC 50 ¼ 16-49 nM) and has antitumorigenic effects on a wide variety of xenografts (Yaguchi et al., 2006; Kong and Yamori, 2007) . PI-103 preferentially inhibits p110a (IC 50 ¼ 11 nm) as well as mTORC1/2 (IC 50 ¼ 2/83 nM, respectively), and in combination with erlotinib or radiation therapy has been effective in the treatment of xenografts of glioblastoma cell lines (Fan et al., 2006 (Fan et al., , 2007 Chen et al., 2008) .
Other PI3K inhibitors occupy the ATP-binding site and extend into an affinity pocket where it makes hydrophobic interactions that increase the affinity of the compound for the enzyme . These compounds are pan-specific, yet extremely potent. PIK-90 (Bayer, Leverkusen, Germany), PIK-93 (Novartis, Basel, Switzerland) and the aforementioned PI-103 are all members of this class of compounds. Interestingly, PIK-90 inhibits p110a (IC 50 ¼ 8.2 nM) and to a limited extent, mTOR (Fan et al., 2006) . Only in combination with rapamycin does PIK-90 mimic the potent proliferation block induced by PI-103 (Fan et al., 2006) . Several PI3K inhibitors are now progressing from the preclinical phase to phase I clinical trials in patients. Exelixis compounds, XL147 and XL765, are currently in phase I trials for the treatment of solid tumors. Both compounds inhibit multiple PI3K isoforms with preference for p110a, -d and -g (see www.exelixis.com). Two Novartis compounds, BGT226 and the pan-PI3K/ mTOR inhibitor, NVP-BEZ235, are in ongoing trials as monotherapy for breast and other solid tumors and are producing promising results (reviewed by Sellers and Garcia-Echeverria, in this issue).
Known mutations in the pathway
The PI3K pathway is unique, in that all of the major elements of this pathway have been found mutated or amplified in a broad range of cancers. Numerous tumor types are thus likely to benefit from the development of PI3K inhibitors. The axis of PI3K signaling in cancer begins with engagement of growth factors by RTKs (Figure 1 ). PI3K is then recruited to plasma membraneanchored receptors and is activated and phosphorylates PIP 2 to generate PIP 3 . Through its pleckstrin homology (PH) domain, the nodal kinase AKT (also known as PKB) binds to PIP 3 , where it is activated by two phosphorylation events, and triggers a complex cascade of signals that regulate growth, proliferation, survival and motility. The lipid phosphatase, PTEN, antagonizes this process by dephosphorylating PIP 3 to inhibit activation of AKT. Unlike any other major signaling pathway in the cell, every member of this signaling axis is frequently altered in cancer. majority of PI3K remains inactive in the cytoplasm, far from its plasma membrane-associated substrates, and only a small percentage of PI3K becomes activated upon growth factor stimulation. Therefore, even slight modulations in receptor activity can lead to many-fold increases in PI3K activity.
EGFR
Epidermal growth factor receptor (EGFR, ERBB1) is an upstream activator of PI3K that is frequently altered in cancer. Malignant gliomas often exhibit EGFR amplifications with copy numbers increased by as much as 20-fold (Sauter et al., 1996) . Mutations that confer constitutive kinase activity include the tissue nonspecific EGFRvIII deletion of exons 2-7 (Narita et al., 2002) and non-small cell lung cancer (NSCLC)-specific deletions in exon 19 or L858R substitutions in exon 21 (Arteaga, 2006) . In addition, exon 20 insertions and T790M mutations have been identified in NSCLC, which confer resistance to the EGFR inhibitors gefitnib and erlotinib (Arteaga, 2006) .
HER2
HER2 (EGFR-2, ERBB2) is another member of the EGFR family and possesses the strongest catalytic kinase activity of all other family members. HER2 is overexpressed through gene amplification or transcriptional deregulation in 25-30% of invasive breast and ovarian cancers and is associated with poor prognosis (Moasser, 2007) . Rare (4% of NSCLC and 10% of lung adenocarcinomas) somatic mutations have been found in the kinase domain of HER2 and occur predominantly in people of Asian descent (Stephens et al., 2004; Moasser, 2007) .
KIT, PDGFRa and MET Activating mutations in KIT and PDGFRa can result in the formation of gastrointestinal stromal tumors. Mutations in KIT occur most frequently in exons 9 and 11 and confer constitutive kinase activation through induction of dimerization, whereas mutations in PDGFRa occur most frequently in exon 18, encoding the activation loop (Tornillo and Terracciano, 2006) . The PI3K, mitogen-activated protein kinase (MAPK) and STAT pathways are activated downstream of each of these RTKs; however, only inhibition of PI3K results in robust growth arrest and induction of apoptosis in imatinib-resistant tumors (Heinrich et al., 2003; Bauer et al., 2007) . Finally, focal MET amplifications have been found in 22% of acquired gefitnib-resistant lung cancers and have been shown to restore AKT activity via MET-dependent phosphorylation of ERBB3 and consequent activation of PI3K . p110a PIK3CA, the gene encoding the p110a catalytic subunit of PI3K, was found to be frequently mutated in breast (27%), endometrial (23%), colorectal (14%), urinary tract (17%) and ovarian (8%) cancers (http://www. sanger.ac.uk/genetics/CGP/cosmic). These mutations cluster in two conserved regions of the gene, which encode the kinase and helical domains of the protein. These 'hot spot' mutations, H1047R, E545K and E542K, are non-synonymous missense mutations that confer constitutive kinase activity (Samuels et al., , 2005 . The PIK3CA gene is also amplified at high frequencies in head and neck, squamous cell lung carcinoma, gastric and cervical cancers (Engelman et al., 2006) .
PTEN
The PTEN tumor suppressor is mutated or lost in both heritable and spontaneous cancers. Germline mutations in PTEN cause autosomal dominant hamartoma tumor syndromes, whereas sporadic missense mutations occur frequently in central nervous system (20%), endometrial (39%), colorectal (9%), skin (17%), prostate (14%) and breast (6%) cancers (http://www.sanger.ac.uk/genetics/ CGP/cosmic). Monoallelic loss of PTEN contributes to tumor growth in the context of other somatic mutations, and PTEN protein levels correlate with disease severity, suggesting that PTEN is functionally haploinsufficient (Salmena et al., 2008) .
AKT
Amplifications in multiple AKT isoforms have been reported in pancreatic, ovarian, and head and neck cancers (Engelman et al., 2006) . Recently, a somatic missense mutation in the PH domain of AKT1 (E17K) was identified in breast, colorectal and ovarian cancers (Carpten et al., 2007) . The PH domain mutation results in constitutive association with the plasma membrane and prolonged AKT activation that is sufficient to transform cells in culture (Carpten et al., 2007) .
Same or different?
The critical question is whether alterations in ERBB1/2, p110a, PTEN and AKT confer oncogenicity in redundant ways. Ostensibly, if this were a linear pathway, these genetic alterations should behave identically by hyperactivating the PI3K pathway, suggesting that firstline therapy for this 'hyper-PI3K' class of tumors should be inhibitors of downstream targets such as PI3K or AKT. This would also imply that none of the mutations confer a significant selective advantage over another. In this review, we will argue that this scenario is unlikely. Rather, growth and survival signaling involves complex networks with redundancies, additive and synergistic effects. Modulation of the various nodes in the PI3K network may affect non-linear pathways including negative feedback loops, non-overlapping pathways and autocrine loops. We will attempt to more closely understand the oncogenic mechanisms of PI3K pathway alterations and will propose strategies to treat PI3K-driven tumors with targeted therapy.
Mutual exclusivity and coexisting mutations
One clue to resolving the possibility of absolute redundancy in PI3K pathway mutations is the presence Understanding the oncogenic mechanisms of PI3K pathway alterations in cancer TL Yuan and LC Cantley or absence of mutual exclusivity. Coexistence of two or more PI3K pathway mutations in a single tumor would suggest differences in oncogenic mechanisms, given that there would be no selective advantage for cells bearing redundant mutations. Table 1 illustrates how frequently mutations arise singly and in combination in the breast, colon and endometrium, three of the most targeted tissues for PI3K pathway mutations. Compiled from studies of tumors analysed for PIK3CA, PTEN, RAS and HER2 status via DNA sequencing or immunohistochemistry, these data will help to elucidate mechanisms of oncogenicity within specific tissue types.
To make assumptions from these comparative studies, it is important to note that, as expected, mutual exclusivity exists between PIK3CA double hotspot mutations as well as between PIK3CA mutations and PIK3CA amplifications. Hollestelle et al. (2007) show that 2 (5%) of 40 breast cancer cell lines are doubly mutant in PIK3CA; however, in both cases only one of the two mutations was a hotspot mutation (P539R/ H1047R; E545K/K567R). Similarly, Saal et al. (2005) identify 2 (0.7%) double mutant tumors (H1047R/ E418K; T1025S/E545K) out of 292 primary breast tumors and in both cases, a hotspot mutation was combined with an infrequent mutation. In these few cases, it is possible that the less oncogenic mutation arose early and that the tumor acquired the more potent hotspot mutation later. In addition, Ollikainen et al. (2007) show that in 160 colon and endometrial cancers, PIK3CA mutations and amplifications arise at a frequency of 9.4 and 10.4%, respectively, but never concomitantly within the same tumor. However, it is possible that if amplification of the gene occurred first, one could miss a mutation in one of the amplified alleles.
Interestingly, Zhao and Vogt (2008) artificially engineered double hotspot mutations into chicken embryo fibroblasts and show that double helical domain mutations on the same allele (E545K/E542K) confer a small additive effect as measured by phospho-AKT levels and foci formation, whereas helical domainkinase domain double mutations on the same allele (E545K/H1047R) confer a robust synergistic effect. This suggests that helical and kinase domain mutations may have different mechanisms of inducing constitutive PI3K activity. The relatively low frequency of multiple PIK3CA mutations observed in real tumors further suggests that only one mutation is sufficient for tumorigenesis and that double mutations may indeed have negative effects. In fact, the identification of PI3K as an oncogene was hindered by early experiments showing that overexpression of PIK3CA in human or mouse fibroblasts resulted in suppression of growth. This likely reflects a senescence phenotype that prevents double hotspot mutations from occurring in human tumors.
PTEN loss and PIK3CA mutations
Overall, PIK3CA mutations and PTEN loss coexist in breast, endometrial and colon cancers. In the breast, the observed frequency of tumors with coexisting PTEN loss and PIK3CA mutations is 8.7% (Table 1 and references therein). If these two alterations occurred randomly and were independently selected for (coexistent), then the expected frequency of coexistence Abbreviations: NA, not applicable; PI3K, phosphoinositide 3-kinase. Two mutations are independently selected (coexistent) if the frequency of the double mutation equals the product of the frequencies of the single mutations. Understanding the oncogenic mechanisms of PI3K pathway alterations in cancer TL Yuan and LC Cantley should be the product of the frequency of PTEN loss and the frequency of PIK3CA mutation. In the breast, the expected frequency of coexistence is 8.9%, which is in agreement with the observed data, and strongly argues for coexistence. Similarly, in endometrial cancer, the observed frequency (15%) equals the expected frequency (15%), and in the colon, the observed frequency (5.6%) is within a reasonable margin of error from the expected frequency (7.0%) ( Table 1 and references therein). It should be noted that whereas these numbers represent a compilation of the data in the literature, individual studies do not all come to the same conclusion. This discrepancy may be due to differences in how PTEN status was determined. In Table 1 , PTEN À represents abrogation of PTEN through deletions and mutations found by sequencing and decreased expression as shown through immunohistochemistry. It is possible that mutated PTEN functions differently or to varying degrees compared to loss of PTEN protein.
In addition, Table 1 includes both tumor cell lines and primary tumors, which may have varying degrees of stromal cell contamination.
Nevertheless, when taken together, the data from Table 1 indicate that concomitant PIK3CA and PTEN alterations indeed occur, suggesting that the two genetic aberrations are not completely redundant. Although both activate the PI3K pathway, tumors bearing both alterations must have an additional selective advantage. One possibility is that PTEN and/or p110a are involved in negative feedback loops that regulate pathway activity. Alterations at these nodes may circumvent negative feedback, leading to an additive effect on PI3K pathway activation.
RAS mutations and PI3K alterations RAS and PIK3CA mutations are mutually exclusive in endometrial cancers but coexistent in colorectal cancers. The number of breast carcinomas analysed in the literature is too low to make a definitive conclusion, though one study demonstrates a trend toward mutual exclusivity (Table 1) (Hollestelle et al., 2007) . In the endometrium, 232 primary endometrial tumors were analysed, and the observed frequency of concomitant RAS and PIK3CA mutations was 0.4%-significantly lower than the expected frequency of 2.5% (Table 1 and references therein). This suggests that the two mutations were not randomly and independently selected for and argues for mutual exclusivity.
In this scenario, it is possible that an early RAS mutation committed or addicted the cell to a network independent of the PI3K network, as appears to be the case for most K-RAS mutant pancreatic and lung cancers. This would render a secondary PIK3CA mutation ineffectual and potentially disadvantageous if overactivation of mitogenic signaling pathways leads to oncogene-induced senescence (Sarkisian et al., 2007) . In addition, RAS-driven tumors appear to be highly dependent on PI3K signaling during tumor initiation and less so during tumor maintenance (unpublished results from this laboratory). During tumor initiation, PI3K signaling could be activated by autocrine factors or chemokines secreted by the tumor stroma. During tumor maintenance, reliance on PI3K signaling decreases and accumulation of PIK3CA mutations would be rare.
Unlike endometrial cancers, the observed frequency of RAS and PIK3CA mutations in the colon is 7.3%, which is slightly higher than the expected frequency of 5.4% (Table 1 and references therein). This suggests that constitutively active RAS and PIK3CA may function synergistically in the colorectal epithelium to confer an important selective advantage. It is possible that PIK3CA mutations arise first in these tumors and that RAS facilitates activation of the mutant PIK3CA (see below). This mechanism for maintaining activation of mutant PI3K may be more critical in intestinal epithelial tissues than in breast or endometrium. Previous studies have indicated that the ability of PIK3CA to bind to activated RAS is critical for initiation of lung tumors by mutant K-RAS in a mouse model (Ramjaun and Downward, 2007) .
The differences we see between tissue types with regard to mutations in PIK3CA and PTEN may reflect the possibility that in certain tissues PTEN loss alone or PIK3CA mutations alone are insufficient to enhance cell growth or survival. This could be due to higher expression of redundant negative regulators of this pathway such as the lipid phosphatases, SHIP and INPP4B, or due to the fact that mutations in this pathway without prior loss of p53 result in senescence (Chen et al., 2005) .
PI3K and HER2
In the breast, HER2 is amplified in 30% of tumors (Downward, 2003) and appears to coexist with both PIK3CA mutations and PTEN loss (Table 1 ). In fact, the coexistence of PTEN loss and HER2 amplification was critical to understanding trastuzumab resistance in HER2-positive breast cancers. Three studies showed that loss of PTEN expression occurred at high frequencies in HER2-overexpressing breast tumors (11/ 55 (21.7%), 17/47 (36.2%) and 8/17 (47.1%)) and led to resistance due to incomplete shut off of PI3K signaling (Nagata et al., 2004; Fujita et al., 2006; Berns et al., 2007) . This suggests that PTEN loss and HER2 overexpression have redundant abilities to activate PI3K, but in order for the double mutation to confer a selective advantage, HER2 overexpression may also circumvent negative feedback at the level of receptor recycling. In addition, other mitogenic pathways downstream of HER2 may be active and advantageous for tumor growth. Finally, HER2 overexpression may also provide PIK3CA mutants and PTEN À/À cells with sufficient growth factor stimulation to achieve the high levels of PIP 3 needed for AKT activation and transformation.
Possible models of oncogenicity
This analysis of coexistence and mutual exclusivity of PI3K alterations gets us closer to answering the question Understanding the oncogenic mechanisms of PI3K pathway alterations in cancer TL Yuan and LC Cantley posed in the beginning of this review of whether oncogenic alterations in the same pathway behave identically. The answer to this question will be critical in identifying patients who will respond to PI3K inhibitors alone and those who will benefit from combination therapy. Table 2 summarizes the data analysed above. The coexistence of PIK3CA mutations and PTEN loss in all the three tissues examined provides striking evidence that the two genetic alterations have both redundant and non-overlapping mechanisms of oncogenicity. HER2 overexpression and PI3K pathway alterations likely also have divergent but additive mechanisms, whereas RAS mutations and PI3K pathway alterations may drive tumorigenesis by completely different mechanisms in certain tissues. The following models, illustrated in Figure 2 , attempt to explain the data described above and will be helpful in identifying the best treatment for tumors bearing PIK3CA mutations, PTEN loss or RTK overexpression.
Model 1: redundancy Model 1 illustrates a scenario in which two genetic alterations would be mutually exclusive if their functions are absolutely redundant. Under such circumstances, cells would gain no selective advantage by harboring two mutations that simply activate the same pathway. It is possible that absolutely redundant mutations could amplify signaling through the pathway additively, if downstream effectors were not limiting or if negative feedback loops, such as the loop between S6K and IRS adaptor proteins (Harrington et al., 2004) , were disrupted. However, given that we rarely see mutual exclusivity between PI3K pathway alterations, it is unlikely that PI3K pathway alterations function with absolute redundancy.
Model 2: activation of non-overlapping pathways Model 2 illustrates a more likely explanation for the data described above. Coexisting mutations can arise if each targeted gene activates non-overlapping pathways that (1) also induce tumorigenesis (growth/proliferation/ motility) or (2) relieve negative feedback on the PI3K pathway. These additional pathways, along with redundant activation of PI3K signaling, would justify retention of multiple PI3K alterations within the same tumor.
PIK3CA and PTEN alterations may coexist if PTEN loss results in deregulation of other lipids or proteins that confer a growth advantage or disrupt a negative feedback loop. Similarly, RAS mutations may coexist with PIK3CA mutations/PTEN loss because in addition to the PI3K pathway, RAS activates the RAF and RalGDS pathways, which are also known to be critical for tumor growth (Downward, 2003) . HER2 overexpression and PIK3CA mutations/PTEN loss may coexist because HER2 overexpression can lead to reshuffling of ERBB family members at the plasma membrane, causing amplification of numerous pathways. HER2-HER3 heterodimers are robust activators of the PI3K pathway, through binding of the p85 subunit to pY-X-X-M motifs in ERBB3/HER3 (Soltoff et al., 1994; Engelman et al., 2005; Hirata et al., 2005) . However, an increase in HER2-EGFR heterodimers at the membrane activates RAS-MAPK and PLCg in addition to PI3K. Importantly, HER2-EGFR heterodimers have prolonged signaling compared to EGFR homodimers because HER2 induces recycling of its EGFR-binding partner as opposed to degradation, thereby relieving negative feedback at the level of receptor internalization (Hendriks et al., 2003) . Finally, HER2-overexpressing conditions may also disrupt cell adhesion and polarity through modulation of PAR6, aPKC and related signaling pathways (Moasser, 2007) .
Coexisting mutations between PTEN loss and other RTKs may also be important for amplifying signaling through PI3K. Unlike constitutively active p110a, which is at least partially active in serum-starved conditions in mammary cells, the oncogenic potential of PTEN loss is dependent on ligand-induced or autoactivation of receptors (Isakoff et al., 2005) . The coexistence of RTK amplifications/mutations and PTEN loss would thus serve to induce PI3K activity in conditions of low ligand availability such as the tumor core.
Model 3: addiction to different networks
The single case of mutual exclusivity between RAS and PIK3CA mutations in the endometrium may reflect a scenario in which RAS is in a network independent of PI3K. In model 2, PTEN/PIK3CA/AKT/RTK/RAS are elements in a single network that is highly committed to PI3K signaling to drive tumor formation and maintenance. In the endometrium, it is possible that if RAS mutations occurred first, cells become addicted to RAS signaling via a pathway independent of PI3K and are posed to gain no advantage by acquiring a PIK3CA mutation. Numbers are too low to make a definitive conclusion about exclusivity.
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Alternatively, it is possible that the two mutations coexisted during tumor formation, when PI3K is critical, but selection for one of the two mutations was lost as the microenvironment changed. This scenario was depicted in a study by Lim and Counter (2005) of oncogenic RAS signaling. The authors show that oncogenic RAS signaling to MAPK, RalGDS and PI3K is necessary for tumor initiation; however, in established tumors cells, constitutive PI3K signaling replaced the need for RAS signaling, presumably because the stroma and vasculature supply factors that activate the remaining RAS effector pathways (Lim and Counter, 2005) . Given that the patient samples in these studies were obtained from well-established tumors, it is possible that the mutual exclusivity seen between RAS and PIK3CA mutations in the endometrium does not reflect the dispensability of certain pathways, but simply an alternate source of pathway activation.
By fitting the data from Table 2 into models 1, 2 or 3, we propose that PI3K pathway alterations signal nonlinearly through a complex network of redundant and non-overlapping pathways. This emphasizes the important fact that tumors with different PI3K pathway alterations may not respond successfully to PI3K inhibitors alone and will benefit more from combination therapy. Finally, we also propose models 4 and 5 as alternative explanations for the data from Tables 1 and  2 , which shed light on how coexisting mutations may cooperate in notable but less conventional ways to induce tumorigenesis.
Model 4: overcoming growth arrest
The selective pressure for mutations to coexist with PTEN loss may have less to do with additive activation of PI3K and other mitogenic pathways, and more to do with overcoming growth arrest. Acute loss of PTEN was observed to cause p53-induced cellular senescence in prostate cancer mouse models and primary mouse embryonic fibroblasts (Chen et al., 2005) . Chen et al. (2005) show that PTEN loss-induced AKT activity led to p19ARF accumulation, p53 stabilization and upregulation of p21, correlating with the fact that PTEN À/À invasive carcinomas of the prostate often show concomitant loss of p53. Recently, Kim et al. (2007) Figure 2 Possible models of oncogenicity. In model 1, genetic alterations in any of the PI3K pathway members lead to amplification of PI3K signaling. In model 2, alterations of RTKs, RAS or PTEN in addition to mutant PIK3CA lead to activation of nonoverlapping pathways or disrupt negative feedback loops to enhance PI3K signaling. In model 3, oncogenic RAS leads to tumorigenesis via a mechanism independent of PI3K. In model 4, loss of PTEN leads to p53-dependent cellular senescence, which may be overcome by acquisition of an additional mutation in the pathway. In model 5, activation of PI3K is enhanced through interactions with oncogenic RAS. PI3K, phosphoinositide 3-kinase; RTKs, receptor tyrosine kinases.
Understanding the oncogenic mechanisms of PI3K pathway alterations in cancer TL Yuan and LC Cantley AKT-dependent in both cases, suggesting that there are spatial-temporal or intensity differences in AKT activation in PIK3CA mutant and PTEN À cells that cause functional differences, such as senescence. This suggests a model in which PTEN À cells undergo p53-dependent growth arrest but later acquire PIK3CA mutations, which amplify AKT activity past a certain threshold to reverse growth arrest. The coexisting mutations may then cooperate to enhance proliferation and survival of cancer cells as described in model 2.
Model 5: synergism through protein interaction Mutations in RAS and PIK3CA are interesting, in that they are mutually exclusive in the endometrium, but coexist in the colon. This may be a result of tissuespecific expression of negative regulators as described previously or differences in hormone sensitivity or proliferative index. In the colon, where the two alterations coexist, model 2 may apply, reflecting an increased dependency on MAPK and RalGDS activation in the colon. However, as seen in Table 1 , there may be a preference for coexistence of the two mutations, suggesting that they function synergistically. RAS mutants may increase PI3K signaling by increasing the rate of translocation of PI3K to the plasma membrane or direct activation of the enzyme itself. RAS is known to bind to p110, which contributes to PI3K activity in the cell (Rodriguez-Viciana et al., 1994) . One mechanism is through recruitment of PI3K to membraneanchored receptors that do not directly bind p85 but rely on adaptor proteins to help recruit p85. Gupta et al. (2007) show that AKT activation is attenuated in cells expressing a mutant RAS that does not bind p110 under conditions of epidermal growth factor and fibroblast growth factor stimulation, but not platelet-derived growth factor stimulation. This can be explained by the fact that platelet-derived growth factor binds p85 directly, whereas EGFR and fibroblast growth factor receptor bind PI3K through adaptor proteins. RAS may thus function to help recruit PI3K to receptors that do not directly bind p85. Importantly, the PI3K-RAS interaction is critical for KRAS-driven tumorigenesis (Gupta et al., 2007) . In addition, RAS has been shown to increase the enzymatic activity of p110g through allosteric interactions, which could also apply to p110a (Suire et al., 2002) .
An added layer of complexity exists, in that helical and kinase domain p110 mutants have unique oncogenic properties caused by differential interactions with RAS and p85. The charge reversal of glutamic acid to lysine in the E545K and E542K helical domain mutants disrupts an inhibitory interaction between p110 with p85, leading to constitutive kinase activity (Huang et al., 2007; Miled et al., 2007) . However, the transforming potential of helical domain mutants is dependent on interactions with RAS. Zhao and Vogt (2008) show that mutation of the RBD of E545K and E542K mutants blocks p110-RAS binding and that these mutants fail to transform chicken embryo fibroblasts. This interaction with RAS is dispensable in the H1047R kinase domain mutant, which conversely is dependent on p85 binding for full transforming potential (Zhao and Vogt, 2008) . This suggests that perhaps RAS mutations and p110a helical domain mutations coexist to synergistically activate the PI3K pathway. Summary PI3K signaling drives tumorigenesis in cancers with genetic alterations in p110a, PTEN and ERBBs. However, these genetic lesions should not be treated as a single class of hyper-PI3K cancers. Evidence of coexistence between two alterations suggests that individual mutations are not absolutely redundant but bear the capability to also induce PI3K-independent signaling, cooperate to varying degrees with RAS and modulate negative feedback loops (reviewed by Carracedo and Pandolfi, in this issue). This suggests that mutations in the PI3K pathway will require and likely be very responsive to PI3K inhibitors in combination with other targeted therapies.
Strategies for treatment with PI3K inhibitors
Single-agent therapy Oncogene-addicted tumors should respond extremely well to single-agent therapies that target the oncogene to which the cell is addicted. Although oncogene addiction is difficult to prove, the frequency of PI3K pathway mutations and the dependence on PI3K signaling in RTK-addicted tumors (Engelman, 2007 ) strongly suggest that tumors with oncogenic PIK3CA mutations will indeed be addicted to PI3K as the primary source of growth, proliferation and survival signaling. However, tumors with both PI3K and RAS mutations may not respond to single-agent therapy. As more PI3K inhibitors enter the clinic for phase I trials, it will be especially interesting to see if p110a isoform-specific inhibitors will be successful single-agent therapies for tumors with PIK3CA mutations.
Combination therapy
The coexistence of multiple PI3K pathway mutations within a single tumor suggests that these genetic lesions are not redundant. As illustrated in Figure 2 , mutations or amplifications in RTKs, PTEN or RAS are likely to activate PI3K and other important pathways and to shut off negative feedback loops. These other pathways must confer a selective advantage and thus will be important to shut off, in addition to PI3K, to fully inhibit tumor growth. This suggests that these tumors will respond well to PI3K inhibitors in combination with other targeted therapy. Combination therapy also has the potential to overcome drug resistance or escape from oncogene addiction. Tumors that develop resistance to RTK inhibitors, for example, would maintain inhibition of the PI3K pathway under combination therapy. The following section reviews recent studies supporting the use of combination therapy for PI3K-dependent tumors.
PTEN and trastuzumab resistance
Trastuzumab (Herceptin) is a humanized monoclonal antibody against HER2, frequently used in the treatment of HER2-positive metastatic breast cancer and in adjuvant therapy of HER2-amplified early stage disease. Trastuzumab's antitumor activity is thought to be conferred through receptor downregulation (Nagata et al., 2004) . Two major drawbacks in the use of this antibody are frequent adverse side effects and the development of drug resistance. Nagata et al. (2004) and Berns et al. (2007) demonstrate that loss of PTEN or activating mutations in PIK3CA are major determinants of trastuzumab resistance in breast cancer due to their antagonist affects on trastuzumab-mediated phospho-AKT downregulation. Treatment of cultured PTEN À ; HER2
þ breast cancer cells with LY294002 or wortmannin in combination with trastuzumab restored antiproliferative effects and decreased the growth of xenografts, but either treatment alone did not (Nagata et al., 2004) .
These studies confirm that HER2-overexpressing cells induce the PI3K pathway in addition to PI3K-independent pathways and that PTEN loss cooperates with HER2 to maximally activate AKT. Given that a trastuzumab-containing chemotherapy regimen is now the standard of care in the treatment of HER2-positive breast cancer, it will be interesting to see if similar positive effects can be achieved through combination therapy with trastuzumab and PI3K inhibitors for the treatment of PTEN À ; HER2 þ breast cancers.
Receptor tyrosine kinase coactivation Glioblastomas multiforme are often extremely PI3K-dependent tumors that upregulate PI3K signaling through loss of PTEN or activation of RTKs. Like PTEN À ; HER2 þ breast cancers that are resistant to trastuzumab, PTEN À ;EGFRvIII glioblastomas are resistant to the EGFR inhibitors, erlotinib and gefitinib, due to the persistence of EGFR-independent PI3K signaling (Mellinghoff et al., 2005) . Another means of PI3K activation found in glioblastoma cell lines is concurrent ligand-independent activation of multiple RTKs, including EGFR, ERBB3, PDGFRa and MET. Stommel et al. (2007) show that expression of EGFRvIII and constitutive MET in glioblastoma cell lines renders cells resistant to EGFR, MET and PDGFRa inhibitors alone, but not in combination. Interestingly, only partial rescue of viability under triple combination therapy was achieved by restoring constitutive PI3K activity, again indicating that PI3K is not the only critical pathway activated downstream of RTKs. In such cases of multiple overactivated RTKs, it might be more efficient and perhaps less toxic to replace RTK inhibitors for combination therapy with inhibitors of major downstream targets like PI3K and MEK.
Rapamycin and EGFR inhibitors
The TORC1 signaling complex of the mTOR proteinSer/Thr kinase is activated downstream of both PI3K and ERK, and the activation of this complex regulates protein synthesis and cell growth, the two essential functions in cancer cells. It is still unclear which pathways downstream of PI3K are critical for tumor growth and survival. The critical pathways may vary by tissue type, but recent studies have shown that mTOR may be critical especially in tumors with hyperactivation of PI3K. Wang et al. (2006) show that inhibition of the TORC1 complex with rapamycin increases the sensitivity of PTEN-deficient glioblastoma cell lines to erlotinib to induce growth arrest. These inhibitory growth effects were corroborated in vivo by Buck et al. (2006) , who treated mice with rapamycin and erlotinib and showed deceleration of tumor growth in an erlotinib-resistant xenograft model. In a mouse model of bronchial and peripheral lung cancer, Li et al. (2007) demonstrated that tumors induced by the EGFR T790M/L858R compound mutation can be shrunk by a combination of rapamycin and an irreversible EGFR/HER2 inhibitor, HKI-272, but not with either therapy alone. These studies suggest that the TORC1 complex is a critical component of downstream PI3K activity and that dual mTOR/PI3K inhibitors in combination with EGFR inhibitors may produce a more pronounced cytotoxic effect.
Isoform-specific PI3K inhibitors emerge
Until recently, there were few PI3K inhibitors available for studies. With the emergence of isoform-specific inhibitors, we are beginning to see the potential of PI3K inhibition for the treatment of cancer. Some of the PI3K inhibitors entering phase I clinical trials broadly target the class IA PI3Ks (p110a, p110b and p110d), whereas others inhibit both class IA PI3Ks and the catalytic site of mTOR. This latter category is particularly interesting as inhibition of the catalytic site of mTOR results in inhibition of both the TORC1 and TORC2 signaling complexes (as opposed to rapamycin and analogs, which only inhibit the TORC1 complex). Thus, catalytic-site inhibitors of mTOR are expected to be more potent in blocking tumor growth and survival as, in addition to inhibiting TORC1 signaling, they also prevent TORC2-dependent phosphorylation of Thr-473 of AKT, among other functions of this complex. Fan et al. (2006) showed that dual inhibition of p110a and the catalytic site of mTOR induced striking antitumorigenic effects in glioblastoma cell lines and xenografts using a novel dual PI3K/mTOR inhibitor, PI-103. Importantly, these effects were apparent regardless of PTEN, p53 or EGFR status, emphasizing the unique ability of combined PI3K/mTOR inhibitors to circumvent the complications of upstream signaling. In a second study, Fan et al. (2007) show that inhibition of p110a, mTOR and EGFR using PI-103 and erlotinib induced a more dramatic growth arrest in EGFRvIII;PTEN À glioblastoma cells, than dual treatment with rapamycin and erlotinib or a p110a inhibitor and erlotinib. As more PI3K and mTOR inhibitors are validated as effective single agents, it will be exciting to see their effects in combination.
Exciting combinations
As depicted in Figure 2 , mutations in RTKs, RAS and PTEN activate PI3K in addition to other pathways. The
Understanding the oncogenic mechanisms of PI3K pathway alterations in cancer TL Yuan and LC Cantley RAS-MAPK pathway is likely to be a major contributor to tumorigenesis in this setting, making inhibition of the PI3K and MAPK pathways a potentially powerful combination therapy. Targeting these downstream kinases in which multiple signaling events converge may also overcome resistance mechanisms like those described above.
Until now, the dearth of clinically available PI3K inhibitors has forced scientists and clinicians to design clinical trials that only indirectly explore this combination. Sorafenib, a multikinase inhibitor of RAF, BRAF, VEGFR-2/3 and others, has antitumorigenic and antiangiogenic effects on various solid tumor types (Wilhelm et al., 2004) . Although these effects are generally attributed to disrupting angiogenesis, numerous ongoing clinical trials are evaluating the response to sorafenib in combination with temsirolimus/RAD001 (mTOR inhibitor), erlotinib, cetuximab (EGFR inhibitor) and imatinib (Gleevec) in a variety of solid tumors (www.cancer.gov). It will be important to see if inhibition of mTOR or PI3K via EGFR inhibitors synergizes with RAF inhibition to induce robust antitumorigenic effects in EGFR-or RAS/RAF-driven tumors and if PI3K inhibitors will be more effective than RTK inhibitors in combination with sorafenib.
MEK inhibitors are also attractive candidates for use in combination with PI3K inhibitors. Like PI3K inhibitors, MEK inhibitors are relatively new, and compounds such as AZD6244 (Array BioPharma, Boulder, CO, USA), XL518 (Exelixis, San Francisco, CA, USA), RDEA119 (Ardea Biosciences, San Diego, CA, USA) and PD0325901 (Pfizer, New York, NY, USA) are in ongoing clinical trials as monotherapy and in combination with cytotoxic chemotherapy for blood and solid tumors (www.cancer.gov).
Combination-targeted therapy with PI3K inhibitors and RAF/MEK inhibitors or RTK inhibitors will be important trials to conduct, especially for the treatment of PI3K-driven tumors. We have reviewed how single and double mutations in RTKs, PI3K, PTEN and RAS occur in a broad spectrum of tumors. Signaling downstream of these alterations converge on PI3K, often activate non-redundant pathways and may utilize other less conventional mechanisms to induce oncogenesis. This emphasizes the importance of using combination therapy to target signaling in cancer cells at multiple nodes.
PI3K inhibitors in the tumor microenvironment
Although it is clear that PI3K inhibitors will be promising treatments for cancer cells, an exciting added benefit to the development of these compounds is the potential to affect PI3K-dependent cell types in the microenvironment of solid tumors. The tumor microenvironment is a heterogeneous compartment comprised of stromal fibroblasts, immune cells, adipocytes and blood vessels. During chronic inflammation, wounding and cancer, the complex communication between these cell types is disrupted through persistent overproduction of chemokines and matrix metalloproteinases, leading to structural disorder of the tissue and abnormal proliferation (Bissell and Radisky, 2001 ). PI3K plays a critical role in signaling within endothelial and immune cells, and inhibition of PI3K may help to normalize the stroma, thereby indirectly inhibiting tumor growth (Figure 3 ).
Endothelial cells
Endothelial cells line the lumen of blood and lymphatic vessels. They are responsible for internalizing secreted factors from the tissue and initiating local vascular remodeling to accommodate changes in nutrient and oxygen supplies. Angiogenesis is critical in tumorigenesis because de novo blood vessel formation must occur to maintain oxygen and nutrient exchange between the tumor periphery and the hypoxic core (Folkman, 2007) . As critical signaling intermediaries, endothelial cells express numerous cell-surface receptors to integrate the vascular growth factors secreted by tumor and stromal cells. Importantly, among the key receptors expressed by endothelial cells are the VEGFR1-3, TIE-1/2, FGFR1-2, PDGFR-b and ERBB1-4 RTKs (Hofer and Schweighofer, 2007) . PI3K is activated downstream of each of these receptors and acts as a master regulator of angiogenic signaling in the endothelium. Several studies have recently elucidated the role of PI3K signaling in normal and tumor angiogenesis and provide encouraging support for targeting PI3K for antiangiogenic therapy.
Studies in mice using conditional or germline knockouts of PI3K effector genes illustrate the importance of Understanding the oncogenic mechanisms of PI3K pathway alterations in cancer TL Yuan and LC Cantley the PI3K pathway in angiogenesis. FOXO1 germline deletion results in underdeveloped arteries and early vessel remodeling defects (Furuyama et al., 2004) . Complete loss of PTEN in the endothelium results in abnormal vascular remodeling, bleeding and embryonic lethality (Sun et al., 2005) . Constitutive AKT activity in the endothelium results in abnormal vessel patterning, vessel congestion and breaching (Hamada et al., 2005) . These studies strongly support the use of PI3K inhibitors for antiangiogenic therapy. Schnell and coworkers have recently demonstrated that treatment with the pan-PI3K/mTOR inhibitor, NVP-BEZ235, affects multiple aspects of tumor angiogenesis, including endothelial cell proliferation and vascular permeability to confer marked antitumor activity (paper submitted). Until recently, it was unclear which PI3K isoforms were important for the effects seen in these studies, which will be critical in choosing the optimal PI3K inhibitor in the clinic. We have utilized a conditional mouse model with deletion of the class 1A PI3Ks in the endothelium to show that loss of this class of PI3Ks causes a defect in vessel integrity in tumor allografts. This defect decreases the rate of tumor growth and limits tumor size (Yuan et al., 2008 , paper accepted, Proceedings of the National Academy of Sciences of the United States of America). Graupera et al. (2008) have also recently shown that p110a plays an isoform-specific role in endothelial cell migration. These data further support the use of PI3K inhibitors in the clinic and may be especially effective in patients with PIK3CA mutations by attacking the tumor on multiple fronts.
Immune cells
The environment surrounding a malignant tumor resembles an environment under chronic inflammation. Not only does the tumor recruit immune cells, but also do they produce the chemical factors that regulate inflammation. Among the immune cells that are recruited to the tumor stroma are macrophages, dendritic cells, T cells, mast cells and natural killer cells. Anti-inflammatory drugs can reduce the risk of certain cancers, and it will be interesting to see if PI3K inhibitors can have a similar effect by modulating inflammatory responses in the tumor stroma (reviewed by Hirsch et al. (2008) ).
Class 1A PI3K is activated in monocytes, mast cells, natural killer cells, and B and T cells (Koyasu, 2003) . In particular, the class 1A enzyme, p110d, is essential for B-cell development, and the class 1B enzyme, p110g, is a key regulator in macrophages (Rommel et al., 2007) . Macrophages have matrix-remodeling capabilities that allow tumor cells to invade into the surrounding stroma and migrate toward blood vessels (Hirsch et al., 2000) . They also produce proangiogenic factors to induce vascularization. Inhibition of PI3K may therefore dampen the inflammatory response in the tumor stroma and help prevent infiltration of cancer cells further into the microenvironment and into the vasculature.
Metastasis
Although tumor cells may frequently escape the primary colonization site, the steps to successful secondary site colonization are arduous and many (Gupta and Massague, 2006) . To intravasate into the circulation, metastatic cells may undergo an epithelial-to-mesenchymal transition that relinquishes the cells from intrinsic polarization and adhesion to the extracellular matrix. Mobilization to blood vessels then requires activation of Rho, Rac, Cdc42 and other motility pathways. Upon intravasation into the vasculature, strong survival mechanisms must be in place to combat nutrient and oxygen deprivation, acidic environments and immune surveillance. Finally, if cells manage to survive and extravasate from the vasculature, they are faced with the challenge of initiating tumor growth. Due to the inhospitable nature of most sites of extravasation, metastatic cells commonly lie dormant or die because of the inability to initiate tumor growth.
As discussed above, inhibition of PI3K in the tumor microenvironment may help impede metastasis by damaging the vasculature and inhibiting infiltration by immune cells. In addition, inhibition of PI3K in tumor cells may directly impair many of the steps required for metastasis. Beginning with intravasation, PI3K plays an important role in cell polarity by maintaining the delicate balance of phosphoinositide localization. Disruption of the PI3K pathway through oncogenic alterations such as PTEN ablation has been shown to disrupt apical-basal membrane segregation in epithelial cells, which could contribute to epithelial-to-mesenchymal transition (Martin-Belmonte and Mostov, 2008) . The PI3K pathway could also contribute to metastatic cell motility through activation of Rac and Cdc42 (Kolsch et al., 2008) and circumvent cell death in the harsh vascular environment by activating AKTmediated survival pathways.
However, perhaps the most critical contribution PI3K could make to the establishment of metastases is facilitating tumor formation at the secondary site. It is currently unclear what drives certain disseminated cells back into the cell cycle; however, activation of the PI3K pathway may be an important factor because of its essential role in tumor initiation. Lim and Counter (2005) demonstrate that for oncogenic RAS-induced tumors, activation of the PI3K pathway is essential for tumor initiation. Immortalized cells with active RalGDS and MAPK alone did not initiate tumor formation; however, activation of PI3K signaling in these cells restored tumor-initiating capabilities. Engelman and coworkers have further narrowed the window of time when PI3K activity is required for RAS-driven tumorigenesis. They show that in cancers driven by oncogenic PI3K, the Novartis pan-PI3K/mTOR inhibitor, NVP-BEZ235, induces striking regression of established tumors. Disruption of class IA PI3K simultaneously with RAS activation also prevented tumor formation. However, in cancers driven by oncogenic RAS, administration of NVP-BEZ235 after primary tumor establishment does not cause tumor regression (paper submitted). This suggests that although PI3K is required for tumor initiation, it is dispensable for tumor maintenance in RAS-driven tumors. Yet administration of the drug may inhibit tumor initiation in dormant disseminated cells that have escaped from the primary tumor. Given that metastases are the leading cause of death in patients with solid tumors, the ability to inhibit metastatic tumor initiation with PI3K inhibitors should be closely studied.
Outlook
With the development of more targeted therapies, it will be important to closely understand the oncogenic mechanisms of individual tumors. Studies like those reviewed here give us important clues as to which pathways are activated downstream of mutations in the PI3K pathway. This will allow us to predict sensitivity to patient-tailored combination therapies. It will also be critical to screen this new generation of drugs for toxicity and adverse effects, given their potential to be very potent compounds. Sequential as opposed to concurrent dosing of combinatorial drugs may be a favorable strategy. Although trials for adjuvant therapy are time consuming and expensive and not the preferred route for approval of PI3K inhibitors, in the end, these compounds may have the greatest impact in this setting.
In the future, biopsies should be systematically screened not only for their driver mutations but also for important downstream activators. As we accumulate more targeted therapies in the clinic, the ability to completely and efficiently shut off major pathways in cancer cells will hopefully lead to less drug resistance and increased patient survival.
